Monocular viewing during early infancy reveals asymmetries in optokinetic nystagmus (OKN) and visual evoked potentials (VEPs). This study investigates the VEP asymmetry to see if it is consistent in direction with the OKN asymmetry. Steady-state VEPs were recorded from infants (5-21 weeks) viewing gratings that underwent successive displacements in the same direction, leftward or rightward. In addition, transient VEPs were recorded to the two directions of an oscillating stimulus. Both tests produced larger VEP amplitudes for nasal-to-temporal compared to temporal-to-nasal movement. Horizontal eye movements were monitored by EOG while viewing these stimuli to test whether the asymmetry was a consequence of eye movements. No difference in eye movements as a function of the stimulus was found, excluding differences in retinal slip as an explanation of the asymmetry. The stronger neural response for nasal-to-temporal displacements is opposite to the asymmetry of OKN. Oculomotor and VEP asymmetries may be related; however this relationship is not simply that the stronger neural response, indicated by the VEP, leads to a stronger optokinetic response.
Introduction
During the first few months of an infant's life, covering one eye reveals two characteristic asymmetries in motion-related responses. One is in monocular optokinetic nystagmus (OKN) and the other is in visual evoked potentials (VEPs) elicited by monocularly viewed displacements. The relation between these two asymmetries is not clear. In this paper we investigate the VEP asymmetry to see if it is consistent in direction with the OKN asymmetry.
From birth OKN can be elicited in both directions during binocular viewing. However, during early infancy, when one eye is covered, it is difficult to elicit OKN using stimuli moving in the nasal-to-temporal direction while stimuli moving in the temporal-to-nasal direction elicit a brisk response (Atkinson, 1979; Atkinson & Braddick, 1981; Naegle & Held, 1982) . Although it is clear that young infants show asymmetric OKN, the age at which symmetric OKN develops depends on the stimulus parameters. For normal infants it has been found to be between 2 and 12 months. Lewis, Maurer, and Brent (1989) , and Lewis, Maurer, Smith, and Haslip (1992) showed there were significant asymmetries of OKN in 2 month olds. The asymmetries reduced between 2 and 3 months. By 6 months the asymmetries were more difficult to measure. Roy, Lachapelle, and Leporé (1989) showed that for intermediate velocities OKN approached symmetry by 6 months of age. Mohn (1989) showed that the asymmetry was still present at 5 months when higher velocity (92 deg/s) stimuli were used.
The asymmetry of the monocular displacement VEP was described by Norcia et al. (1991) . They recorded steady-state VEPs whilst subjects monocularly viewed a sinusoidal grating that oscillated to and fro, with alternating phase shifts of + 90 and − 90°. In such a display, if F is the frequency at which either displacement occurs, a VEP response that is equal when the pattern moves leftwards or rightwards will generate even harmonic components at frequencies 2F, 4F, etc. However, any response to the pattern movement that is unequal in the two directions will generate a fundamental response at frequency F and odd harmonic frequencies, e.g. 3F. Such a waveform would appear as one large peak and one small peak in a complete stimulus cycle, as shown schematically in Fig. 1 . Norcia et al. (1991) found that in young infants the VEP recorded contained a prominent first harmonic component. This first harmonic component was not present in non-strabismic adults. Norcia et al. also found that the first harmonic response showed a 180°p hase difference between the two eyes. This phase shift implies that the response asymmetry represents a difference between the temporal/nasal directions, rather than a left/right difference that is consistent between eyes. Braddick, Mercuri, Atkinson, and Wattam-Bell (1998) showed that the first harmonic response was specific to monocular displacements, being absent when viewing was binocular or in monocular viewing if the phase shift was 180°. Braddick et al. (1998; see also Atkinson, 2000) also showed that monocular VEP asymmetry reduced with age; for 1 c/deg gratings displaced six times per second, it had largely disappeared by 25 weeks. This is consistent with the findings of Jampolsky, Norcia, and Hamer (1994) . Norcia, Hamer, and Orel-Bixler (1990) and Norcia (1994) report that the asymmetry remains until later ages when higher temporal frequencies are used.
Both the OKN and VEP asymmetries are influenced by binocular pathology, in that they persist to later ages in the presence of strabismus (Schor & Levi, 1980; Norcia et al., 1991) . Given this, it seems plausible that they are related. The OKN asymmetry is certainly a stronger response to the temporal-to-nasal direction of motion. However recording steady-state VEPs does not resolve which is the direction of the VEP asymmetry. Using oscillating stimuli (such as those used by Norcia et al. and Braddick et al. (1998) ) steady-state recordings cannot show whether it is the temporal-to-nasal (T-to-N) or nasal-to-temporal (N-to-T) movement that generates the stronger signal. As the latency of the VEP is unknown, the peak signal could be time-locked to either the N-to-T or T-to-N movement of the stimulus (Fig. 1) .
To evaluate the relation between these two developmental motion asymmetries, the direction of the VEP asymmetry needs to be resolved. In this paper we report three experiments testing young normal infants designed to address this question. In Experiment 1 we made VEP recordings with gratings displaced in the T-to-N or N-to-T directions separately, to compare which direction of movement generates a stronger VEP signal. In Experiment 2 we recorded the number of saccadic-like eye movements made whilst viewing the same stimuli. From this we could check whether differences in the magnitude of the VEP were the result of asymmetric eye movements. In Experiment 3 we used alternating grating displacements similar to those of Norcia et al. (1991) , but alternating at rates sufficiently low for us to record transient VEPs to T-to-N and N-to-T displacements whilst simultaneously making electro-oculographic recordings of eye movements.
Experiment 1

Methods
The stimuli were high-contrast vertical sinusoidal gratings with a spatial frequency of 1 cycle/degree. These were generated by a framestore controlled by an Archimedes computer and were displayed on a video monitor. The field subtended 40 o at the infant's viewing distance of 40 cm.
Responses were recorded under two stimulus conditions, oscillating and unidirectional. The oscillating condition was designed to replicate the experiment by Norcia et al. (1991) . The grating abruptly changed its spatial phase by 90°in one direction, then by 90°back to its original position (Fig. 2a) . These displacements took place every 160 ms, so there were 6.25 displacements per second and the temporal rate of the complete cycle was 3.125 Hz. The unidirectional condition was devised to establish which of the directions of movement produced the greater signal. In this condition the grating was displaced through 90°in the same direction every 320 ms (Fig. 2b, c) . The movement was equivalent to the oscillating stimulus but with the 90°phase shifts back to the original position removed. Thus there were 3.125 displacements per second.
These stimuli moved across the visual field either in a temporal-to-nasal direction (T-to-N) or in a nasal-totemporal direction (N-to-T). The frequency of these stimuli was chosen to generate the same fundamental frequency response to the stimuli as to the stimuli used by Norcia et al. (1991) , so for example the temporal frequency of the leftward motion of the unidirectional stimuli matched the leftward component of the oscillating stimuli.
Lightly adhesive orthoptic eye patches were used to establish monocular viewing. The infant's attention was attracted to the screen by a small bell or squeaky toy that was jiggled in front of the screen throughout the recording. Whenever the infant's attention wandered from the screen the experimenter halted the averaging process until attention was redirected toward the stimulus, giving the observer control over whether sweeps were included in the averaged recording. In addition the computer automatically rejected as artefacts sweeps in the VEP recordings containing voltage excursions greater than 200 mV.
The VEPs were recorded using gold cup electrodes. The scalp was cleaned using alcohol. The electrodes, with Dracard electrode gel on the inner surface, were lightly taped in position with Micropore tape. The active electrode was placed at position Oz and a reference electrode at position Cz. The ground electrode was positioned either on the forehead or on the earlobe. Electrode resistance was below 5 kV.
The signal was band-pass filtered between 1 and 30 Hz and amplified × 20 000 or × 10 000 (Biodata PA300). The signal was then fed through an A/D converter to an Acorn Archimedes computer that sampled the VEP signal at 200Hz. For each test condition a steady-state VEP of 200 sweeps was recorded. The sweep duration was 0.32 s, i.e. one stimulus cycle. When recording with the unidirectional stimuli, the stimuli were interleaved so that blocks of 20 sweeps of T-to-N motion were alternated with blocks of 20 sweeps of N-to-T motion. A sweep was begun each time the stimulus was displaced in the appropriate direction. Oscillating stimuli were tested in a separate run during the same session.
The average amplitude and phase of the first and second harmonic component of the VEP recorded in each condition were then calculated. The waveforms were analysed statistically using the circular variance test (Moore, 1980; Wattam-Bell, 1985) , which measures consistency of signal phase across sweeps.
VEPs were successfully recorded from 28 human infants between the ages of 5 -21 weeks post term. The subjects showed no strabismus or significant refractive error. In addition six normal adults with no history of strabismus were tested. A comprehensive breakdown of the numbers of subjects participating in each experiment is shown in Table 1 .
Results
Oscillating stimuli
None of the adults tested using the oscillating stimulus had a significant first-harmonic response (P \ 0.05, circular variance test) whereas they did all show a significant second-harmonic response (P B 0.001, circular variance test). In contrast all the infants tested with the oscillating stimulus showed a first-harmonic response that reached the significance level of at least PB 0.01 (circular variance test). These results are in agreement with the original findings of Norcia et al. (1991) and those of Braddick et al. (1998) (see also Atkinson, 2000) and are shown in Fig. 3 . The asymmetry of the response is expressed in terms of the 'asymmetry index', A 1 /(A 1 + A 2 ) where A 1 and A 2 represent the VEP amplitudes of the fundamental and second harmonic frequencies. One infant had both eyes tested with the oscillating stimuli. The phase difference between the two eyes was 159°. Again this agrees with the findings of Norcia et al. (1991) and those of Braddick et al. (1998) (see also Atkinson, 2000) . Fig. 4 shows the ratio of the amplitudes of the first harmonic components of the VEPs for individual eyes for infants and adults. This is expressed as the amplitude elicited by movement in the N-to-T direction divided by the amplitude elicited by movement in the T-to-N direction. The mean of the ratios for infants was 1.89 (taking the mean for the right and left eye in infants who had both eyes tested, although the result is very similar if each eye is treated as a separate data point in the analysis.) The lower bound for the 99% confidence interval is also above 1.0 for the infant data (upper bound: 2.42; lower bound: 1.36). Fig. 4 shows that the N-to-T direction produced a 93% larger VEP on average and 85% of individual eyes gave a difference in this direction. It should be noted that in the unidirectional display the second harmonic, like the first, is associated with one direction of movement only. The mean of the adult data was 1.03. Thus the adult data showed no significant difference in amplitudes between the two directions of movement for the first harmonic components of the VEPs. (The 99% confidence intervals were upper bound: 1.58; lower bound: 0.48).
Unidirectional stimuli
To confirm that the bias we were measuring was in the temporal/nasal direction of the stimulus movement, rather than in left/right direction, we considered the data from the infants who had both eyes tested. If the ratio depended upon right/left stimulus movement we would expect the ratio of the left eye (temporal-to-nasal/nasalto-temporal) and right eye (temporal-to-nasal/nasal-totemporal) to be either side of unity. Fig. 4 shows this is not the case for the infants who had data recorded from both eyes (those whose ratios are connected by a vertical line), except for one child, and this child was at an age where the ratios seem to be nearing unity.
Experiment 2
Methods
The stimuli were the unidirectional stimuli used in Experiment 1. The signal was fed into a Biodata PA 400, which band-passed the signal 0.016 -100 Hz, amplified ×2000, and fed through an A/D converter to an Acorn Archimedes computer.
Electro-oculographic (EOG) recordings of eye movements were recorded using Ag -AgCl electrodes. The electrodes were placed 1 cm from the outer canthi; the ground electrode was placed on the forehead. The skin was prepared by cleaning with alcohol, and then using an abrasive paste. The electrodes, with Dracard electrode gel on the inner surface, were lightly taped to the position with Micropore tape.
The EOG traces were examined manually with the examiner blind as to the stimulus condition. If the displacements elicited following saccades, then a predominance of saccades in the stimulus direction would be expected. Alternatively if successive displacements elicited OKN, then the fast phase of the nystagmus would be expected to be opposite to the stimulus movement. (Observations of the eye movements of the infants were made to assess whether the infants were making OKN-like eye movements. No OKN was observed by direct or video observation nor was any apparent in the EOG record.) The numbers of saccadelike eye movements, i.e. saccades or nystagmus fast phases, in each direction were counted and related to the direction of temporalward/nasalward motion.
Seven infants who participated in Experiment 1 also participated in Experiment 2.
Results
In Fig. 5 the number of saccade-like movements made in the temporalward or nasalward direction is plotted. These can be related to the direction of stimulus movement. The mean number of saccade-like movements in the same direction as the stimulus was 13.18 for T-to-N movement (S.D.= 6.11) and 11.82 for N-to-T movement (S.D.=6.88). The equivalent numbers of saccade-like movements in the opposite direction was 10.64 for T-to-N movement (S.D.= 7.34) and 12.18 for N-to-T movement (S.D.= 5.60).
It can clearly be seen in Fig. 5 that neither direction of unidirectional stimulus movement (T-to-N or N-to-T) was effective at driving eye movements in a direction consistently related to the stimulus movement. Statistical analysis of the data confirms that there is no relationship between eye movements and stimulus direction (P \0.1, general linear model).
Experiment 3
Methods
The stimuli were high contrast vertical sinusoidal gratings with a spatial frequency of 0.5 cycle/deg. They were generated by a Cambridge Research Systems VSG graphics card, and displayed on a video monitor. The field subtended around 33.5°at the infant's viewing distance of 50 cm. The stimuli were similar to the oscillating stimuli in Experiment 1 with alternate 90°p hase shifts in the two directions. However these stimuli oscillated at 2.0 displacements per second, so the temporal rate of the complete cycle was 1 Hz.
Transient VEPs and EOGs were recorded simultaneously from 11 human infants between the ages of 8-14 weeks post term (17 eyes). Following the protocol of Experiments 1 and 2 a total of 200 sweeps were recorded. A sweep was begun each time the stimulus moved left to right across the screen. The sweep duration was 820 ms. Control of the acquisition of data was through Espion software written by Cambridge Research Systems, running on a Pentium computer. The signal was band-pass filtered between 0.3 and 100 Hz and then amplified ×20 000 (Grass 15A54 Quad Amplifier). The signal was sampled at 500 Hz. As VEPs and EOGs were recorded simultaneously five gold cup electrodes were used. These were positioned 1 cm from the outer canthi (for EOGs) and over Oz and Cz (for VEPs); and the ground electrode, common to both the VEP and EOG recording, was placed on the forehead.
The amplitude of the VEP was calculated as the difference in voltage between the trace at the trough around 100 ms after the onset of the stimulus and the peak voltage around 50 ms later. The ratios of amplitudes for the individual eyes of all subjects are shown in Fig. 7 . The mean of the ratios was 1.8, the lower bound for the 99% confidence interval was 1.08 and the upper bound was 2.52. The transient VEP amplitude in the N-to-T direction was larger in 76% of the eyes tested and was on average 80% bigger than the amplitude measured in the T-to-N direction.
Results
There was no significant first or second harmonic component in the simultaneous EOG recordings, for any of the eyes tested. Neither from this analysis, nor from inspection of the records, did we find any evidence of any directional oculomotor responses synchronised to the stimulus displacement.
Discussion
The neural basis for the asymmetry in monocular OKN exhibited by infants has been a matter of debate. It was originally suggested that this asymmetry could be attributed to early control by the subcortical visual systems and that the asymmetry disappeared as the cortical pathway came to dominate. On the other hand several findings have suggested that some kind of cortical asymmetry may be involved (see Braddick, 1996 for review). The directional VEP is presumably a result of a cortical response that is asymmetric early in development.
There is a dominance of the T-to-N direction in monocular OKN. It might have been expected that the asymmetry of the steady-state VEP with oscillating stimuli would be associated with a larger cortical signal in this direction. We have shown that there is an asymmetry in the monocular VEP recorded to a stimulus moving unidirectionally right or left across a screen. However our data, from both Experiments 1 and 3, show a greater neural response in the N-to-T direction of motion compared to the T-to-N direction. The directional asymmetry in infants' monocular VEPs is therefore opposite to the directional asymmetry seen in infants' monocular OKN.
It is possible that the unidirectional moving stimuli might have elicited following eye movements. If these eye movements were different when viewing one direction of motion compared to the other, they could have produced asymmetric image motion on the retina (i.e. different amounts of retinal slip). This in turn might have generated the directional asymmetry seen in the infants' monocular VEP. However we looked carefully for any directional bias in the eye movements and saw no evidence of this. These results, and observations of the infants during VEP recording, suggest that the directional stepping stimulus was a very poor stimulus for generating OKN in either direction. This may be because the steps are equivalent to an average velocity (0.78 deg/s) too low to be effective in eliciting OKN. We also saw no evidence of eye movements elicited by the oscillating stimulus in Experiment 3. Bearing this in mind it seems unlikely that the faster oscillating stimulus used during steady-state recording in Experiment 1 would elicit eye movements related to the displacements.
We conclude from our results that the more effective direction for eliciting monocular OKN (temporal-tonasal) cannot simply reflect a stronger overall cortical response to that direction, or a preferential develop- ment of directional cells responding to that direction. Furthermore we have shown that the presence of directional motion asymmetry, as revealed by the first harmonic in a steady-state VEP, should not be assumed to reflect dominance of one particular direction without an explicit test.
Part of the neural circuitry controlling OKN is the nucleus of the optic tract (NOT). The NOT is strongly directionally biased: cells in the right NOT prefer stimulus movements to the right, while those on the left prefer stimuli that are moving to the left in the visual scene. NOT receives input directly from the retina of the contralateral eye and from both retinas via the cortex. One suggested mechanism (Hoffman, 1981) for the asymmetry of the OKN response in early infancy is that in newborns only the direct optic nerve projections from the contralateral eye are operating, resulting in only T-to-N responses. The development of the symmetric response is hypothesized to be the result of this subcortical pathway being supplemented by binocular cortical input into the NOT. If this system was a progressive maturation of the cortical input, rather than switching on a specific mechanism, it could explain why there is no single age at which symmetric OKN emerges. The physiological observations have been primarily made in kittens (van Hof-van Duin, 1978; Hoffman, 1981 ) but the same model has been proposed for humans (Atkinson & Braddick, 1981) and infant monkeys (Sireteanu, Katz, Mohn, & Vital-Durand, 1992) .
The results from VEP experiments recordings (which are likely to be dominated by V1) and other studies (such as the studies on children who have undergone hemispherectomies (see Braddick, 1996; Morrone, Atkinson, Cioni, Braddick, & Fiorentini, 1999) , suggest that this subcortical-cortical changeover is not the whole story. However the hypothesis presented above can be related to some of the neurophysiological observations of Hoffman and his colleagues. Hoffman (1991, 1993) used antidromic stimulation to look at neurons from the cortex that projected to NOT. They found that there was a population of cells in the MT/MST borders that projected to NOT. This particular population of cells showed a strong bias towards movement in the direction toward that side of the brain they were recording from, i.e. for leftward movement in the left hemisphere. However Ilg and Hoffman found that in the overall population of cortical cells in the MST/MT borders there was no directional bias. Thus asymmetry is a property of NOT, and of the selection of cortical cells projecting to NOT, but not of the cortical motion system more generally.
Data from monkey eye mo6ements and cortical responses
It is interesting to compare other findings relating to directional motion asymmetry in humans with the recordings that have been made with monkeys. Brown, Wilson, Norcia, and Boothe (1998) recorded monocular VEPs to oscillating stimuli similar to those used in Experiment 1 (though at a lower spatial frequency) in 13 infant rhesus monkeys between 1 and 52 weeks old. They looked at the development of symmetrical monocular VEPs in infant rhesus monkeys and found that the direction asymmetry disappeared at around 6 weeks of age, a developmental stage comparable to around 5 months of age in humans. Wilson et al. (1999) used a similar stimulus and looked at VEPs recorded from macaque monkeys including an infant monkey and exotropic monkeys that had been reared with no binocular input. The authors showed that, even after paralysing the monkeys' eye movements, the neonate monkey and the abnormally reared monkeys had asymmetrical responses. They concluded therefore that eye movements were not the source of the asymmetrical VEPs. Kiorpes, Walton, O'Keefe, Movshon, and Lisberger (1996) recorded pursuit eye movements (which also show directional motion asymmetry in human infants) and made single-unit recordings from two monkeys who had been made strabismic experimentally at an early age. Unfortunately the two recordings were not made simultaneously or using comparable stimuli. Nonetheless the results are intriguing. These monkeys showed a nasal-temporal pursuit eye movement asymmetry corresponding to the asymmetry in OKN; i.e. pursuit was much stronger for T-to-N than for N-to-T motion. When the preferred direction of motion of MT neurons was recorded in these monkeys, the cells did not show any overall preference for either temporalward or nasalward motion, although cells dominated by input from the right eye did show a slight preference for temporalward motion.
Thus monkey physiology does not, at present, provide evidence supporting an overall T-to-N or N-to-T bias in cortical cells for the response to direction of motion, in experimental conditions designed to relate to certain types of directional motion asymmetries. Nei- Fig. 7 . Ratio of transient VEP amplitude for N-to-T vs. T-to-N displacement for 11 infant subjects (17 eyes). Where both eyes have been recorded, the two ratios are joined by a vertical line.
ther the asymmetry seen in the VEP, nor the asymmetric OKN response, seem to be easily explained by asymmetries in the neuronal responses recorded in the monkey cortex.
In this paper we have described a nasal-to-temporal predominance in monocular VEPs recorded in young infants. This asymmetry is in the opposite direction to the temporal-to-nasal predominance of monocular OKN responses in young infants and adults with early onset esotropia. It is interesting that Brosnahan, Norcia, Schor, and Taylor (1998) have reported a perceptual bias in strabismic patients' perceived velocity of a grating moving in nasalward or temporalward direction. The temporalward targets were perceived as moving faster than the nasalward targets. This again is in contrast to the monocular OKN response where the slow-phase gain was higher for the nasalward target.
It is possible that the opposite asymmetries in VEPs and OKN reflect two unrelated mechanisms. It would seem though that there must be a similar critical period for the development of these mechanisms since both asymmetries persist beyond infancy if binocularity is disrupted. Perhaps the cortical signals generated by our stimuli are different from those signals produced under conditions when asymmetric OKN is evoked. The temporal and spatial frequency of our stimuli do not generate OKN, but were chosen to allow direct comparison with previously published work which has documented the VEP asymmetry under these stimulus conditions. Further investigation of how closely OKN and VEP asymmetries are associated, e.g. as functions of temporal and spatial frequency, both in infants and in patients with a history of infantile esotropia, might throw light on how the asymmetries in OKN and directional VEPs may be related, and on the nature of their underlying substrate.
